The kinetics of nonisothermal crystallization of three different types of linear aromatic polyester, namely poly(ethylene terephthalate) (PET), poly(trimethylene terephthalate) (PTT), and poly(butylene terephthalate) (PBT), which are different in their number of methylene groups (i.e. 2, 3, and 4 for PET, PTT, and PBT, respectively), was investigated using differential scanning calorimetry (DSC). Analysis of the data was carried out based on the Avrami, Tobin, Ozawa, and Ziabicki models. It was found that the Avrami model provided a more satisfactorily good fit to the experimental data for these polyesters than did the Tobin model. The Ozawa model was found to describe the experimental data fairly well. The Ziabicki's kinetic crystallizability parameter G for these polyesters was found to be of the following order: PBT > PTT > PET. The effective energy barrier for nonisothermal crystallization process of these polyesters, determined by the Friedman method, was found to be an increase function with the relative degree of crystallinity.
Introduction
Poly(trimethylene terephthalate) (PTT), a relatively new linear aromatic polyester, is a member of the polyester family, with three methylene units in its chemical structure. The synthesis of PTT was first reported in 1941 [1] , but it was not commercially available then due to the high production cost of one of the reactants, 1,3-propanediol. Since then, PTT has become commercially available and is produced by Shell Chemicals under the trade name Corterra TM .
Studies related to the kinetics of polymer crystallization are of great importance in polymer processing, We now report the nonisothermal crystallization kinetics for PTT as compared to those for PET and PBT determined using differential scanning calorimetry (DSC). The experimental data were analyzed based on the Avrami, Tobin, Ozawa, and Ziabicki macrokinetic models. The effective energy barrier for nonisothermal crystallization process for these polyesters was estimated based on the differential isoconversional method of Friedman.
Theoretical background
The most common approach used to describe the overall isothermal crystallization kinetics is the Avrami model [7] [8] [9] , in which the relative crystallinity as a function of time θ(t) can be expressed in the following form:
where K A and n A are the Avrami crystallization rate constant and the Avrami exponent, respectively. Usually, the Avrami rate constant K A is written in the form of the composite Avrami rate constant k A (i.e. k A = K n A ). k A (the dimension of which is given in (time) −n ) is not only a function of temperature, but also a function of the Avrami exponent n A . As a result, use of K A should be more preferable than use of k A due partly to the facts that it is independent of the Avrami exponent n A and its dimension is given in (time) −1 . It should be noted that both K A and n A are constants specific to a given crystalline morphology and type of nucleation for a particular crystallization condition [10] and that, based on the original assumptions of the theory, the value of the Avrami exponent n A should be an integer ranging from 1 to 4.
In the study of nonisothermal crystallization using DSC, the energy released during the crystallization process appears to be a function of temperature rather than time as in the case of isothermal crystallization. As a result, the relative crystallinity as a function of temperature θ(T) can be formulated as
where T o and T represent the onset and an arbitrary temperature, respectively, dH c is the enthalpy of crystallization released during an infinitesimal temperature range dT, and H c is the overall enthalpy of crystallization for a specific cooling condition. To use Eq. (1) for the analysis of nonisothermal crystallization data obtained by DSC, it must be assumed that the sample experiences the same thermal history as designated by the DSC furnace. This may be realized only when the thermal lag between the sample and the furnace is kept minimal. If this assumption is valid, the relation between the crystallization time t and the sample temperature T can be formulated as
where φ is the cooling rate. According to Eq. (3), the horizontal temperature axis observed in a DSC thermogram for the nonisothermal crystallization data can readily be transformed into the time scale. The important consideration for the Avrami approach is that the model is appropriate only for the early stages of crystallization. Complications arise due to the effects of growth site impingement and secondary crystallization process, which were disregarded for the sake of simplicity in the original derivation of the model. A theory of phase transformation kinetics with growth site impingement was proposed by Tobin [11] [12] [13] . According to this approach, the equation of phase transition in the form of the relative crystallinity as a function of time θ(t) reads
where K T is the Tobin rate constant, and n T the Tobin exponent. Based on this proposition, the Tobin exponent need not be an integral [11] [12] [13] , and it is mainly governed by different types of nucleation and growth mechanisms. It should be noted that, according to the original applications [14] [15] [16] , the Tobin rate constant is written in the form of the composite Tobin rate constant k T (i.e. k T = K n T ), which is not only a function of time, but also a function of the Tobin exponent n T (similar to the case of k A mentioned previously). As a result, use of K T should be more preferable than use of k T due partly to the facts that it is independent of the Tobin exponent n T and its dimension is given in (time) −1 .
Based on the mathematical derivation of Evans [14] , Ozawa [2] extended the Avrami theory [7] [8] [9] to be able to describe the nonisothermal crystallization data without the use of x-scale transformation. Mathematically, the relative crystallinity function θ(T) can be represented as a function of cooling rate as Instead of describing the crystallization process with complicated mathematic models, Ziabicki [15] [16] [17] proposed that the kinetics of polymeric phase transformation can be described by a first-order kinetic equation of the form
where θ(t) is the relative crystallization as a function of time and K(T) is a temperature-dependent crystallization rate function. In the case of nonisothermal crystallization, functions K(T) and θ(t) vary and are dependent on the cooling rate used. For a given cooling condition, Ziabicki [15] [16] [17] showed that the crystallization rate function K(T) can be described by a Gaussian function of the following form:
where T max is the temperature at which the crystallization rate is maximum, K max is the crystallization rate at T max , and D is the half-width of the crystallization rate-temperature function. With use of the isokinetic approximation, integration of Eq. (7) over the whole crystallizable range of temperatures (T g < T < T 0 max ), for a given cooling condition, leads to an important characteristic value for the crystallization ability G of a semicrystalline polymer, which is defined as
According to the approximate theory [15] , the kinetic crystallizability G characterizes the degree of crystallinity obtained when the polymer is cooled at unit cooling rate from the melting temperature to the glass transition temperature [17] . In case of nonisothermal crystallization studies using DSC where cooling rate is a variable, Eq. (8) can be applied when the crystallization rate function K(T) is replaced with a derivation function of the relative crystallinityθ φ (T) specific for each cooling rate studied (i.e. crystallization rate function at different cooling rates). Therefore, Eq. (8) is replaced by
whereθ max,φ and D φ are the maximum crystallization rate and the half-width of the derivative relative crystallinity as a function of temperatureθ φ (T). According to Eq. (9), G φ is the kinetic crystallizability at an arbitrary cooling rate φ. The kinetic crystallizability at unit cooling rate G can therefore be obtained by normalizing G φ with φ (i.e. G = G φ /φ). It should be noted that this procedure was first realized by Jeziorny [18] . While offering a simple way of evaluating corresponding kinetic parameters specific to each model, the Avrami, Tobin, and Ozawa analyses do not suggest a means for evaluating the effective energy barrier for nonisothermal crystallization process E. In light of this, various mathematical procedures [19] [20] [21] were proposed for evaluating the E value. The main objective of these methods is to define a finite relationship between the peak temperature T p obtained for a given condensed phase reaction and the heating rate φ used. A major concern for use of these procedures in obtaining the kinetic information for the nonisothermal crystallization process which occurs on cooling has recently been raised [22] , since the original mathematic expression for these procedures does not permit substitution of the negative heating rates, φ (i.e. cooling rates). However, this problem has largely been avoided by dropping off the minus sign in the negative heating rates [23] .
For a process that occurs on cooling, such as nonisothermal crystallization of polymer melts, reliable values of the effective energy barrier can be obtained, for example, by the differential isoconversional method of Friedman [24] or by the integral isoconversional method of Vyazovkin [25, 26] . In this work, the Friedman method will be used, due mainly to the reliability and simplicity of the method [22, 26] . The Friedman equation is expressed as
whereθ θ (t) is the instantaneous crystallization rate, as a function of time at a given conversion θ, A is an arbitrary preexponential parameter, and E θ is the effective energy barrier of the process at a given conversion θ. By plotting the instantaneous crystallization rate data measured from nonisothermal experiments conducted at various cooling rates against the corresponding inversed temperature for a given conversion, the effective energy barrier for a nonisothermal crystallization process can be determined.
Experimental

Materials
Poly(trimethylene terephthalate) (PTT) was supplied in pellet form by Shell Chemicals (USA) (Corterra CP509201). The weight-and number-average molecular weights of this resin were determined to be ca. 78,100 and 34,700 Da, respectively. Poly(ethylene terephthalate) (PET) was supplied in pellet form by Indo PET (Thailand) (N1). The weight-and number-average molecular weights of this resin were determined to be ca. 84,500 and 41,200 Da, respectively. Poly(butylene terephthalate) (PBT) was supplied in pellet form by LG Chem (Korea) (LUPOX GP-2000). The weight-and number-average molecular weights of this resin were determined to be ca. 71,500 and 36,300 Da, respectively. Molecular weight characterization of these resins was carried out by size-exclusion chromatography (SEC).
Sample preparation
PET, PTT, and PBT resins were dried in a vacuum oven at 140 • C for 5 h prior to further use. Films of approximately 200 m thickness were melt-pressed at 280 • C for PET and 260 • C for PTT and PBT in a Wabash V50H compression molding machine under an applied pressure of 4.62×10 2 MN m −2 . After 5 min holding time, the films were taken out and allowed to cool down to room temperature, under the ambient condition, between the two metal platens. This treatment assured that any previous thermomechanical history was essentially erased, and provided a standard crystalline memory condition for the as-prepared film.
Differential scanning calorimetry measurements
A DSC (DSC-7, Perkin-Elmer) was used to record nonisothermal crystallization exotherms and subsequent melting endotherms of these polyester resins. Calibration for the temperature scale was carried out using a pure indium standard (T 0 max = 156.6 • C and H 0 f = 28.5 J g −1 ) on every other run to ensure accuracy and reliability of the data obtained. To minimize thermal lag between the polymer sample and the DSC furnace, each sample holder was loaded with a disc-shaped sample weighing around 8.0 ± 0.5 mg which was cut from the as-prepared films. It is worth noting that each sample was used only once and all the runs were carried out under a nitrogen atmosphere to prevent extensive thermal degradation.
The experiment started with heating each sample from 40 • C at a heating rate of 80 • C min −1 to a desired fusion temperature T f (i.e. at 300 • C for PET and 280 • C for PTT and PBT). To ensure complete melting, the sample was kept at the respective T f for a holding period of 5 min. After this period, each sample was cooled at a desired cooling rate φ, ranging from 5 to 50 • C min −1 , to 30 • C. The sample was then subjected to heating to observe the subsequent melting behavior (recorded using a heating rate of 10 • C min −1 ). Both the nonisothermal crystallization exotherms and subsequent melting endotherms were recorded for further analysis. The nonisothermal crystallization exotherms were analyzed according to the models aforementioned. 
Results and discussion
Nonisothermal crystallization and subsequent melting behavior
The crystallization exotherms for PTT for nonisothermal crystallization from the melt at seven different cooling rates ranging from 5 to 50 • C min −1 are presented in Fig. 1 . It is obvious that, when the cooling rate increased, the exothermic trace became wider and shifted to lower temperatures. The ob- Table 1 Characteristic data from nonisothermal crystallization exotherms for PET, PTT, and PBT servation is generally true for all of the polyesters studied. Table 1 summarizes the characteristic data for nonisothermal crystallization of all the polyesters studied. For each polyester resin, it is evident that the temperature at 1% relative crystallinity T 0.01 , the temperature at the maximum crystallization rate (i.e. the peak temperature) T p , and the temperature at 99% relative crystallinity T 0.99 were all shifted to lower temperatures with increasing cooling rate. It should be noted that the values of T 0.01 and T 0.99 will be hereafter used to represent the beginning and the ending of the crystallization process. The fact that T 0.01 , T p , and T 0.99 all decreased with increasing cooling rate suggests that the higher was the cooling rate, the later the crystallization process began and ended (based on the temperature domain). Fig. 2 shows subsequent melting endotherms (10 • C min −1 ) for PTT samples recorded after nonisothermal crystallization at different cooling rates. For subsequent melting endotherms after nonisothermal crystallization at 5 • C min −1 , triple melting endotherms were apparently observed. These peaks were also observed in PTT samples isothermally crystallized at temperatures below 194 • C, and they were labeled as peaks I, II, and III for low-, middle-, and high-temperature melting endotherms, respectively [27] . The occurrence of peak I was postulated to be a result of the melting of the primary crystallites, peak II was a result of the melting of recrystallized crystallites, and peak III was a result of the melting of the recrystallized crystallites of different stabilities [27] .
Let us carefully consider Fig. 2 . It is obvious that the triple melting behavior was observed for PTT samples which were cooled at cooling rates lower than ca. 20 • C min −1 , while those which were cooled at cooling rates greater than ca. 20 • C min −1 exhibited double melting behavior (with only peaks I and III being present). Qualitatively, it is evident that the positions of peaks I and II were all found to decrease with increasing cooling rate, while that of peak III did not seem to be affected by changes in the cooling rate. It is also apparent that changes in the cooling rate affected the position of peak I more than they did the position of peak II. The results presented here suggest that the primary crystallites obtained at these cooling rates were not stable, as evidenced by the broad melting endotherm (i.e. peak I) exhibited. Upon further heating, the melted primary crystallites recrystallized to form the crystalline fractions which might have resulted in the occurrence of peaks II and III (for cooling rates lower than ca. 20 • C min −1 ), or in the occurrence of peak III (for cooling rates greater than 20 • C min −1 ).
Nonisothermal crystallization kinetics
In order to obtain relevant kinetic information, the raw data such as those shown in Fig. 1 need to be presented as either the relative crystallinity function of temperature or of time, depending on the macrokinetic models used to analyze the data. The conversion from the raw data into the relative crystallinity function of temperature can be carried out using Eq. (3). Once the relative crystallinity function of temperature is obtained, conversion into the relative crystallinity function of time can be carried out by transforming the temperature scale into the time scale according to Eq. (4). Figs. 3 and 4 illustrate the relative crystallinity function of temperature θ(T) and the relative crystallinity function of time θ(t) for PTT samples nonisothermally crystallized at seven different cooling rates. An important parameter which can be directly Table 2 Nonisothermal crystallization kinetic parameters for PET, PTT, and PBT based on Avrami analysis taken from the relative crystallinity function of time θ(t) is the half-time of crystallization, t 0.5 , which is the change in time from the onset of crystallization to the time at 50% completion. According to Fig. 4 , it is obvious that the t 0.5 value decreased with increasing cooling rate, suggesting that PTT crystallized faster when the cooling rate was increased. Table 2 summarizes the t 0.5 values obtained for all of the polyesters studied. For any given cooling rate, the t 0.5 values of these polyesters were found in the following (descending) order: PET, PTT, and PBT, indicating that PET was the slowest to crystallize, followed by PTT and PBT, respectively. 
Avrami analysis
As previously mentioned, the analysis was carried out by directly fitting the experimental relative crystallinity function of time θ(t) data, such as those shown in Fig. 4 , to Eq. (1), using a nonlinear multivariable regression program. Only the relative crystallinity data in the range of 10-80% were used in the fitting. Values of the Avrami kinetic parameters (i.e. K A and n A ), including the r 2 parameter, for all of the polyesters studied are summarized in Table 2 .
For PET, the Avrami exponent n A was in the range of ca. 2.3-4.0, which is in good agreement with that reported by other researchers [18, 28] . In the case of PTT and PBT, the Avrami exponent n A was found to range from ca. 3.2 to 4.1 for PTT and from ca. 3.6 to 6.2 for PBT, respectively. Wang et al. [29] reported the Avrami exponent n A to be in the range of 3.3-4.0 for PTT samples (the number-average molecular weight = 23, 000 Da) nonisothermally crystallized at various cooling rates ranging from 0.63 to 20 • C min −1 , which is comparable to what we have observed in this study.
In addition to the half-time of crystallization, the rate of nonisothermal crystallization can also be described by values of the Avrami crystallization rate constant K A . For each polyester, the results clearly showed that the Avrami rate constant K A was an increase function with the cooling rate, suggesting that these polyesters crystallized faster when the cooling rate increased. Comparatively, among these polyesters, PET was clearly the slowest to crystallize at any given cooling rate. PTT, however, was found to crystallize a little faster than PBT when the cooling rates were lower than ca. 30 • C min −1 , which was found to crystallize much slower when the cooling rates were greater than ca. 30 • C min −1 . This finding is in contradiction to the observation based on the half-time of crystallization data in which PTT was found to crystallize slower than PBT at any given cooling rate. The slight discrepancy may lie in the selection of the baseline in order to convert the raw crystallization exotherm data into the relative crystallinity as a function of temperature (or time).
Tobin analysis
Similar to the case of the Avrami analysis, the Tobin analysis can be carried out by using either a manual Table 3 Nonisothermal crystallization kinetic parameters for PET, PTT, and PBT based on Tobin analysis or a direct fitting procedure. In this case, the relative crystallinity function of time, θ(t), such as those shown in Fig. 4 , was fitted to Eq. (4) using the direct fitting procedure. Only the relative crystallinity data in the range of 10-80% were used in the fitting. Values of the Tobin kinetic parameters (i.e. K T and n T ), including the r 2 parameter, for all of the polyesters studied are summarized in Table 3 . For all of the three polyesters studied, the Tobin exponent n T was found to range from ca. 4.0 to 9.2. More specifically, it ranged from ca. 4.0 to 6.2 for PET, from ca. 5.7 to 6.4 for PTT, and from ca. 5.8 to 9.2 for PBT, respectively. With regards to the Tobin crystallization rate constant K T , a dependence similar to that of the Avrami crystallization rate constant K A was found.
Comparison between results obtained from Avrami and Tobin analyses
For PTT and PBT, a direct comparison of the data presented in Tables 2 and 3 suggests that, at low cooling rates (i.e. from 5 to ca. 15 • C min −1 ), both the Avrami and the Tobin crystallization rate constants were comparable, but, as the cooling rate increased, the Avrami crystallization rate constant became much smaller than the Tobin one. In the case of PET however, the Avrami crystallization rate constant was found to be consistently larger than the Tobin one at low cooling rates (i.e. from 5 to ca. 20 • C min −1 ) and, with further increase in the cooling rate (i.e. from ca. 30 to 50 • C min −1 ), the Avrami crystallization rate constant became smaller than the Tobin one. Moreover, it is obvious that, for a given cooling rate, the Avrami exponent obtained for a given polyester was always lower in value than that of the Tobin one. The difference between values of the Tobin exponent from the Avrami one is approximately 2.0 on average.
In order to test the efficiency of both models for describing the nonisothermal crystallization kinetics of these polyesters, the best way is to reconstruct the relative crystallinity function of time θ(t) from the results shown in Tables 2 and 3 according to Eqs. (1) and (4) for the Avrami and the Tobin models, respectively. The reconstructed θ(t) curves for PET, PTT, and PBT are shown in Fig. 5a -c, respectively. In these figures, the experimental data are shown as different geometrical points, while the predicted curves according to the Avrami and the Tobin models are shown as solid and dotted lines, respectively. Qualitatively, it is obvious from these figures that the Avrami model provided a much better prediction of the experimental data than did the Tobin model.
Ozawa analysis
By simply replacing t in Eq. (1) with T/φ, Ozawa [2] was able to extend the Avrami model to describe the kinetics of nonisothermal crystallization observed using a DSC. In this case, the raw data is the relative crystallinity as a function of temperature θ(T), such as those shown in Fig. 3 . As mentioned previously, data analysis can be accomplished using a double logarithmic plot of ln[−ln(1 − θ(T))] versus ln(φ) for a fixed temperature, in which k O is taken as the antilogarithmic value of the y-intercept and n O is simply the negative value of the slope. Fig. 6 shows such a plot for PTT, while Table 4 summarizes values of the Ozawa kinetic parameters (i.e. k O and n O ), including the r 2 parameter, for all of the polyesters studied.
Based on the plots shown in Fig. 6 and the correlation coefficients r 2 listed in Table 4 , the Ozawa model [2] was found to provide a satisfactory description of the nonisothermal crystallization kinetics of these polyesters in the temperature range studied. In all cases, the Ozawa exponent n O was found to range from ca. 1.7 to 4.5. More specifically, it ranged from ca. 1.7 to 2.1 for PET within the temperature range of 170-190 • C, from ca. 2.7 to 4.5 for PTT within the temperature range of 160-180 • C, and from ca. 1.9 to 2.7 for PBT within the temperature range of 180-198 • C, respectively. In the case of PTT, the values of n O obtained were greater than those previously reported [29] . Values of n O in the range of 1.7-3.1 were obtained for PTT having a number-average molecular weight of 23,000 Da Table 5 summarizes the values of T max ,θ max,φ , and D φ for all of the three polyesters studied. The values of these parameters were used to calculate the Table 4 Nonisothermal crystallization kinetic parameters for PET, PTT, and PBT based on Ozawa analysis Ziabicki's kinetic crystallizability G, also summarized in Table 5 . For a given polyester, the temperature at the maximum crystallization rate T max was found to decrease with increasing cooling rate, whereas both of the maximum crystallization rateθ max,φ and the half-width of the derivative relative crystallinity function of temperature D φ were all found to increase with increasing cooling rate. Based on these values, the resulting cooling-rate-dependent kinetic crystallizability G φ (results not shown) was an increasing function of the cooling rate. After normalization of the cooling rate, the values of the kinetic crystallizability G (for unit cooling rate) appeared to be qualitatively similar (cf. Table 5 ). The practical meaning of kinetic crystallizability G is the ability of a semicrystalline polymer to crystallize when it is cooled from the melt to the glassy state at a Table 5 Ziabicki's kinetic crystallizability parameters for PET, PTT, and PBT calculated from the data for nonisothermal crystallization unit cooling rate; hence, the higher the G values, the more readily the polymer crystallizes. From Table 5 , it is obvious that PBT exhibited the highest average G value (i.e. ca. 1.7), followed by PTT (i.e. ca. 1.5) and PET (i.e. ca. 1.1), respectively. The result suggests that the crystallization propensity of these polyesters is in the following order: PBT > PTT > PET. Interestingly, the G value of 1.1 for PET appears to be identical to the value reported previously [17] .
Ziabicki's kinetic crystallizability analysis
PET PTT PBT Temperature ( • C) n O k O ( • C min −1 ) n r 2 Temperature ( • C) n O k O ( • C min −1 ) n r 2 Temperature ( • C) n O k O ( • C min −1 )φ ( • C min −1 ) PET PTT PBT T max,φ ( • C)θ max,φ (s −1 ) D φ ( • C) G T max,φ ( • C)θ max,φ (s −1 ) D φ ( • C) G T max,φ ( • C)θ max,φ (s −1 ) D φ ( • C)
Effective energy barrier for nonisothermal crystallization process
The application of the differential isoconversional method of Friedman to the experimental data for nonisothermal crystallization from the melt state of PET, PTT, and PBT resulted in the estimation of the Table 6 Effective energy barrier E describing the overall crystallization process of PET, PTT, and PBT Polymer E (kJ mol −1 ) effective energy barrier for nonisothermal crystallization E of these polymers. According to Table 6 , the E values for both PET and PBT were found to increase monotonically with the relative extent of melt conversion or the relative degree of crystallinity (i.e. from ca. −133.9 to −16.8 kJ mol −1 for PET and from ca. −181.9 to −104.9 kJ mol −1 for PBT, respectively). For PTT however, the E value was found to increase with the relative degree of crystallinity up to a θ of ca. 0.7, where the E value attained a maximum value and then decreased again as the relative degree of crystallinity further increased. Specifically, the E value for PTT was found to lie within the range of ca. −82.6 to −46.0 kJ mol −1 . The variation of the E value with the relative degree of crystallinity has been attributed to the temperature dependence of the energy barrier for nucleation, which decreases with increasing extent of melt conversion or decreasing temperature (in the case of nonisothermal crystallization from the melt state) [30] . For PET, the effective energy barrier for nonisothermal crystallization E which was evaluated by the integral isoconversional method of Vyazovkin [25, 26] exhibited an increase in its value with increasing extent of melt conversion from ca. −240 to −125 kJ mol −1 (reported for the similar relative crystallinity range of 0.1-0.9 which was used to obtain the E value for PET in this work) [30] . Obviously, the E values reported by Vyazovkin and Sbirrazzuoli [30] was much lower than the values obtained in this work. Possible discrepancies of the values reported may be attributed to the difference in the average molecular weights of the PET resins used (i.e. the weight-average molecular weights of PET used in [30] and this work were 18,000 and 78,100 Da, respectively), to the difference in the type and concentration of heterogeneous nuclei present in the resins, and to the noise that arose from the differentiation of the experimental data in order to obtain the instantaneous crystallization rate as a function of time which must be used to obtain the E value in the Friedman method [26] .
Conclusions
The nonisothermal crystallization exotherms for three polyesters, PET, PTT, and PBT, showed that the temperature at 1% relative crystallinity, the peak temperature, and the temperature at 99% relative crystallinity all shifted towards lower temperatures with increasing cooling rate. The half-time of crystallization was found to decrease with increasing cooling rate, suggesting that these polymers took a shorter time to crystallize when the cooling rate increased. The Avrami model was found to provide a much better fit to the experimental data for crystallization of these polyesters than did the Tobin model.
For PTT samples, the Avrami exponent n A was found to range from 3.2 to 4.1, while the Tobin exponent n T was found to range from 5.7 to 6.4. In addition, the Ozawa model was found to provide a fair description to the experimental data for crystallization of these polyesters, with the Ozawa exponent n O found to range from 2.7 to 4.5, which is quite comparable to the Avrami exponent n A obtained. All of the bulk crystallization rate parameters (i.e. K A and K T ) were found to increase with the cooling rate, suggesting that these polyesters crystallized faster at greater cooling rates.
The ability of PET, PTT, and PBT to crystallize from the melt under a unit cooling rate can be determined by comparing the values of the Ziabicki's kinetic crystallizability G, which were found to be ca. 1.1, 1.5, and 1.7 for PET, PTT, and PBT, respectively. According to these values, the propensity for these polyesters to crystallize is in the following order: PBT > PTT > PET. Lastly, the effective energy barrier governing the nonisothermal melt-crystallization of these polyesters, based on the values provided by the differential isoconversional method of Friedman, was found to increase with increasing relative degree of crystallinity.
